1. Cystamine was reduced to the corresponding thiol by rat liver mitochondria, even in the presence of rotenone or antimycin A. 2. The reduction of disulphides was stimulated by the accumulation of NADH or by the addition of NADH to osmotically 'shocked' mitochondria. 3. Energy made available by oxidative phosphorylation was not essential for the reduction of disulphides. 4. Cystamine was not reduced during the oxidation of NADH by ultrasonically treated particles, which had lost their capacity for oxidation of a-oxo acids. 5. In intact mitochondria, arsenite and other inhibitors of vicinal dithiols caused a decrease in the capacity for reduction of disulphides concomitantly with an inhibition of the oxidation of a-oxo acids. 6. Isolated lipoamide dehydrogenase reduced cystamine at the expense of NADH, provided that lipoic acid was also present. 7. It is concluded that in mitochondria the reduction of cystamine and related disulphides is probably brought about by interaction with reduced lipoic acid, generated by the a-oxo acid dehydrogenase complexes during the oxidation of a-oxo acids or by reaction of lipoamide dehydrogenase with NADH.
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A number of disulphides of low molecular weight are reduced to thiols by rat liver mitochondria, especially when exogenous substrates are supplied (Eldjarn & Bremer, 1963) . Glutathione reductase, which is localized in the particle-free supernatant (Rall & Lehninger, 1952) , is not responsible for this reaction by mitochondrial preparations (Eldjarn & Bremer, 1963) . The metabolic reduction of disulphides is a reaction of particular interest in radiobiology, since radioprotective disulphides (e.g. cystamine) are rapidly reduced to thiols when administered in vivo (S0rbo, 1962; Str0mme & Eldjarn, 1966) . Eldjarn & Bremer (1963) suggested that cystamine and other disulphides may be reduced by exchange with lipoic acid provided by the oxidation of a-oxo acids, since the extent of reduction was greatest when the mitochondria were supplied with pyruvate or a-oxoglutarate. Armstrong & Webb (1967) Eldjarn (1954) . Cystamine was purchased from Calbiochem, Los Angeles, Calif., U.S.A. Reduced and oxidized lipoic acid, GSSG, antimycin A, rotenone and AMP were products of Sigma Chemical Co., St Louis, Mo., U.S.A. N-Tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid was a product of Calbiochem, Lowengraben 14, 6000 Lucerne, Switzerland. Lipoamide dehydrogenase (reduced NAD-lipoamide oxidoreductase, EC 1.6.4.3) from pig heart was a product of C.F. Boehringer und Soehne G.m.b.H., Mannheim, Germany. All other reagents were commercial products of high purity.
Methods. Rat liver mitochondria and ultrasonically treated particles were prepared as described previously (Skrede, 1968) . When required, the permeability of the mitochondria was increased by resuspension in water as described by Armstrong & Webb (1967) (osmotic 'shock'). The oxygen uptake and esterification of Pi were measured in Warburg experiments (Skrede, 1966) . Protein-bound 35S radioactivity was measured in a liquid-scintillation counter (Skrede, 1968) . Thiol groups were determined by the Ellman method (Jocelyn, 1962) , or by amperometric titrations at the rotating platinum electrode (Benesch, Lardy & Benesch, 1955; B0rresen, 1963) .
For the determination of cysteamine in the presence of reduced lipoic acid, 0.1 ml. samples of the incubation 693 mixture were added to 0-4ml. of 0-2 M-Pj and extracted once with 5ml. of water-saturated diethyl ether. By this procedure lipoic acid was completely extracted into the ether phase, whereas more than 99% of [35S] cystamine remained in the aqueous phase.
Protein was determined by a micro-Kjeldahl method.
RESULTS
The reduction of disulphides by mitochondria is stimulated by Pi and AMP (Eldjarn & Bremer, 1963) . The stimulation by these agents of the permeability of cystamine through the mitochondrial membranes (Skrede, 1968) may be the cause of the increased formation of thiol. In the present study, conditions were always arranged to diminish the tendency of permeability barriers to restrict the reduction of cystamine.
No non-enzymic reduction of cystamine by NADH could be demonstrated. Table 1 shows that the capacity for reduction of cystamine by whole mitochondria supported with isocitrate or a-oxoglutarate was not lowered by rotenone or antimycin A; on the contrary, it was slightly increased. The stimulation of disulphide reduction by respiratory inhibitors was particularly evident with endogenous substrate. Thus the generation of NADH appeared to be essential for the reduction of disulphides, and the slightly stimulatory effect of the respiratory inhibitors suggested that the respiratory chain might compete for the NADH formed. Further indications for such competition were given by the effect of uncoupling agents. Whereas 2,4-dinitrophenol did not lower the capacity of the mitochondria for disulphide reduction in the presence of rotenone or Amytal (Tables 1 and 2 ), this uncoupling agent lowered the reduction of disulphides significantly in the absence of respiratory inhibitors ( Table 2 ). The decreased reduction of disulphides in the presence of 2,4-dinitrophenol alone probably indicated that the mitochondrial nicotinamide nucleotides were in a more oxidized state. It is concluded that a pathway utilizing NADH, distinct from the respiratory chain, was responsible for the reduction of disulphides in whole mitochondria. Further, since mitochondria that were completely uncoupled by 2,4-dinitrophenol reduced disulphides at an uninhibited rate when rotenone or Amytal was present, it is evident that energy made available by oxidative phosphorylation is not required for the reduction of disulphides. Table 3 shows that, even in the presence of Table 1 . Lack of inhibition by rotenone or antimycin A of the reduction of cy8tamine by mitochondria Mitochondria (21mg. of protein) were preincubated for 7min. at 300 at pH7 3 in Warburg vessels with N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid-HCl buffer (10mM), EDTA (1mM), AMP (3 3mm), phosphate (13 3mm) and KCI (008-0 12M), with or without rotenone (05btM), antimycin A (3M3,ug./ml.) or 2,4-dinitrophenol (0-17mM), in a total volume of 3ml. The experimental period (16min. at 300) was started by tipping in cystamine (2mm) and substrates as indicated, and was stopped with HC104. 
rotenone, NADH stimulated the reduction of disulphides in mitochondria whose permeability had been increased by osmotic 'shock'. inhibited by arsenite (0-5mm) and 60% inhibited by Cd2+ (0 1mIMM). Table 4 shows that particles prepared by ultrasonic treatment of mitochondria could oxidize NADHI but not ac-oxoglutarate. The addition of CoA (not shown) or NAD+ did not improve their capacity for oc-oxoglutarate oxidation. With ultrasonically treated particles, the amounts of thiol formed in the presence or absence of rotenone did not exceed that expected from non-enzymic exchange between cystamine and protein thiol groups; the extent of the latter reaction was indicated by the binding of [35S]cystamine residues. When the reaction period was extended to 15min. (Expt. 2), no thiol was detected, probably because all the thiol initially formed became autoxidized. Thus these ultrasonically treated particles had lost their capacity both for the metabolic reduction of disulphides and for the oxidation of ac-oxoglutaric acid. Table 5 shows that even in a nitrogen atmosphere there was a significant metabolic reduction of cystamine by mitochondria. With a-oxoglutarate as the substrate, the formation of cysteamine was no greater than with mitochondria respiring endogenous substrate. When Pi and AMP were also added, however, the extent of disulphide reduction was increased and equalled that when isocitrate or P-hydroxybutyrate was the substrate.
With the latter substrates, no significant stimulation by Pi and AMP was evident. This lack of stimulation is in accord with the observation made previously that no permeability barrier for cystamine seems to exist in mitochondria in a nitrogen atmosphere (Skrede, 1968) . Fig. 1(a) shows the effect of increasing concentrations of arsenite on the oxidation of a-oxoglutarate and the reduction of disulphides by whole mitochondria. In agreement with previous observations (Sanadi, Langley & White, 1959b) , the oxidation of a-oxoglutarate was almost completely blocked by 0 1 mM-arsenite. At this concentration, the formation of thiol was lowered to a steady value, which corresponded to that expected from nonenzymic exchange between cystamine and protein thiol groups. Thus the effect of arsenite indicates a close relation between the ability of the mitochondria to oxidize oc-oxoglutarate and the ability to reduce added disulphides. Co2+, another inhibitor of the oxidation of oc-oxoglutarate (Webb, 1964) , also inhibited the reduction of disulphides to an equivalent extent (uncited experiments). However, the mechanism of the inhibition by Co2+ of the reduction of cystamine in mitochondria is somewhat uncertain, since Co2+ was found to catalyse the rapid autoxidation of cysteamine. Arsenite was without the latter effect.
'When succinate was the substrate (Fig. lb) , the oxygen uptake was only moderately inhibited by arsenite. The reduction of disulphides was slightly less sensitive to arsenite when succinate was the substrate. A partial reversal of the arsenical inhibition of the mitochondrial a-oxo acid dehydrogenase complexes by the combination of a disulphide and an externally added substrate has been observed previously (Armstrong & Webb, 1967) . Therefore it appears likely that the inhibition of the oc-oxoglutarate dehydrogenase complex by arsenite was also counteracted in the experiment of Fig. 1(b) . Fig. l(b) further shows that an increase in the concentration of arsenite caused an uncoupling of oxidative phosphorylation equivalent to the inhibition of the metabolic disulphide reduction. Since 2,4-dinitrophenol did not inhibit the disulphide reduction by mitochondria when rotenone or Amytal was present, energy made available by oxidative phosphorylation evidently was not required for the metabolic reduction of disulphides in mitochondria. Therefore the [35S]Cystamine (2-5mM) was incubated at 220 at pH7-0 with lipoamide dehydrogenase (0-5mg.), oxidized lipoic acid (0-5mm) (present only in Expt. 1), phosphate buffer (5mM), NAD+ (0.15mM), NADH (0-3 mM) and KCl (0-15M) in a total volume of4 ml. Samples (0-5ml.) were removed during the incubation and immediately frozen; lipoic acid was extracted with ether during thawing. After extraction cysteamine was immediately determined in the aqueous phase. A 2-5ml. sample of the ether phase was blown to dryness with N2, and the residue was redissolved in ethanol for determination of reduced lipoic acid and 35S. In a comparable experiment, the disappearance of NADH was followed in a recording spectrophotometer at 340m,u. Expt. by an exchange between cystamine and reduced lipoic acid. In the absence of cystamine, the reduction of lipoic acid corresponded stoicheiometrically to the disappearance of NADH. With cystamine and lipoic acid, however, the recovery of thiol was only 75% of the theoretical value.
Probably the incomplete recovery of thiol groups was due to a certain amount of thiol autoxidation in the system used.
When lipoamide dehydrogenase was replaced by 0-15mM-reduced lipoic acid (Fig. 2, Expt. 3), the rate of formation of cysteamine was comparable with that when the same amount of lipoic acid dithiol was generated in the enzymic system. Thus the formation of cysteamine appeared to be due to a non-enzymic exchange between cystamine and reduced lipoic acid, even in the enzymic system. Moreover, Fig. 2 shows that this reaction was ratelimiting for the formation of cysteamine in the system with the isolated enzyme. Fig. 3 shows that another disulphide, 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman reagent), was not reduced by lipoamide dehydrogenase in the absence of lipoic acid. When lipoic acid disulphide was also added, however, the Ellman reagent was reduced at a constant rate until the NADH was almost exhausted. The reaction was more rapid in the presence of the Ellman reagent than with lipoic acid alone (not shown) or with lipoic acid and cystamine as final electron acceptors (Fig. 2) .
Vol. 108 697 S. SKREDE With lipoic acid alone, the reaction was linear only initially, in accordance with earlier observations (Sanadi, Langley & Searls, 1959a) . DISCUSSION Eldjarn & Bremer (1963) showed that the metabolic reduction of disulphides by mitochondrial preparations was not due to the presence of glutathione reductase. Since the a-oxo acids of the citric acid cycle were found to be the best substrates for reduction, Eldjarn & Bremer (1963) suggested that the disulphides are reduced by exchange reactions with lipoic acid. More recently, Skrede, Bremer & Eldjarn (1965) showed that in mitochondria preincubated with cystamine the capacity of the mitochondria to oxidize a-oxo acids as well as the ability to reduce disulphides was lost. The mitochondria were still able to oxidize succinate or NADH, however. The latter observation indicated that cystamine was apparently not an artificial electron acceptor for the respiratory chain. This finding was also compatible with the mechanism proposed by Eldjarn & Bremer (1963) .
The present results showed that ultrasonically treated particles capable of electron transport but devoid of the ability to oxidize a-oxo acids did not reduce cystamine. It was thus suggested that the system responsible for disulphide reduction is localized in the 'matrix' fraction of the mitochondria.
In the present experiments with the model system including isolated lipoamide dehydrogenase, the following reaction mechanism was shown. Cystamine was reduced by NADH in the presence of lipoamide dehydrogenase, provided that lipoic acid was added. Cystamine was not reduced directly by lipoamide dehydrogenase at the expense of NADH, i.e. by a 'diaphorase' reaction. In the complete system, cysteamine was probably formed by non-enzymic reaction of cystamine with reduced lipoic acid.
Various inhibitors gave reproducible results despite variations in the absolute amounts of thiol reduced in different experiments. No definite explanation for this variability can be offered, but it may be partly due to differences in the permeability for cystamine, occurring on changes in the energy states of the mitochondria (Skrede, 1968) . Differences in the extent of autoxidation of cysteamine during the experimental period might also contribute to the variations observed.
In summary, the following new observations on the mechanism of disulphide reduction by whole mitochondria were made. (1) The reduction of disulphides was stimulated by the addition of, or the accumulation of, NADH. (2) The capacity for disulphide reduction was not lowered by rotenone,
